I. INTRODUCTION
The ability to dope conjugated polymers over the full range from insulating to conducting behavior resulted in emphasized research in this class of materials that combines the electronic and optical properties of semiconductors and metals with the attractive mechanical properties as well as processing properties of polymers. [1] [2] [3] [4] A wide class of these conjugated polymers and oligomers shows a subpicosecond photoinduced electron transfer from the excited state of the conjugated polymer onto C 60 , [5] [6] [7] which is a good electron acceptor capable of accepting as many as six electrons. 8 The electron transfer to C 60 quenches both the strong photoluminescence and the intersystem crossing 9 of the polymer. Energy conversion efficiencies of various organic solar cells, including small molecular 10, 11 as well as polymeric solar cells 12, 13 are typically in the range of 1%. However, because of the inherent processing advantages that are offered by polymer-based solar cells, like large scale roll-to-roll production on flexible substrates, those devices are potentially more attractive for commercialization. Presently, the highest efficiencies were achieved with fullerenes 14 or conjugated polymers 15 as acceptors.
Spectroscopic studies showed that the photoinduced electron transfer between conjugated polymers and fullerenes occurs on a time scale smaller than 200 fs. 5 Since this is faster than any other known relaxation mechanism in the conjugated polymer, the quantum efficiency of this process is estimated to be close to unity. However, the power conversion efficiency of conjugated polymer/fullerene photovoltaic devices is limited by inefficient collection of the charges at the electrodes 16 due to the low mobility of the holes on the conjugated polymer and the electrons on the fullerenes. The low mobility of the carriers is a consequence of the hopping conduction in the network. Conduction by thermally assisted hopping transitions between spatially separate sites in an interpenetrating network 17 can be modeled by percolation theory. Following percolation theory the formation of interconnected paths of small spherical molecules embedded in a three dimensional matrix occurs at a volume fraction of 17%. 18 This was experimentally verified by photocurrent measurements in conjugated polymer-fullerene devices.
Here 1 is a characteristic length depending on the concentrations of the sites, while Z c is the resistance of the path with the lowest average resistance. According to Eq. ͑1͒, high fullerene concentrations enhance the conductivity by two mechanisms. First, the higher concentration of sites decreases 1, and second, new paths with a lower overall resistance Z c may be formed. At high mixing ratios of 3:1, excellent solubility of the fullerene, as well as good compatibility between the conjugated polymer and the fullerene is necessary.
The embedding of the photoactive conjugated polymerfullerene blend in a polystyrene matrix ͑guest-host approach͒ presented in this article is a sound and promising method to improve the photoactive sample quality for the following reasons:
͑1͒ The conjugated polymer diluted by the polystyrene host matrix shows less interchain interaction compared to pure films. ͑2͒ Macroscopic ordering of the conjugated polymer can be performed by mechanical stretching of the host polymer. ͑3͒ The stability of the conjugated polymer-fullerene devices under ambient conditions ͑i.e., in the presence of water or oxygen͒ limits the practical application. Recent Fourier transform infrared ͑FTIR͒ degradation studies on the polymer composites showed rapid bleaching of the conjugated polymer and somewhat slower degradation of C 60 under oxygen and light. 20 Stabilization of these composites was realized by the exclusion of oxygen, either by sealing or by handling the devices under inert conditions. In the guest-host approach the conjugated polymers are better encapsulated against environmental influences. ͑4͒ By the choice of a proper host matrix the charge transfer between conjugated polymer and fullerene may be advantageously tuned, either by changing the intermolecular distances due to morphology control or by the overall dielectric constant of the system. This study is focused on a soluble alkoxy-p-phenylene vinylene ͑PPV͒ poly ͓2-methoxy, 5-͑3Ј7Ј-dimethyloctyloxy͔͒-p-phenylene vinylene ͑MDMO-PPV͒ as photoactive polymer; earlier studies on similar alkoxy-PPVs ͑MEH-PPV-poly ͓2-methoxy, 5-͑2Ј-ethyl-hexyloxy͔͒-p-phenylene vinylene͒ have been reported. 21, 22 AlkoxyPPVs are known for their high incident photon to carrier conversion efficiency ͑IPCE͒ with an electron acceptor like ͓6,6͔-phenyl C 61 -butyric acid methyl ester ͑PCBM͒.
14 Furthermore, the high solubility of these materials allows homogenous, thin film formation from solutions with optical quality. Another essential point is the partial chemical similarity and the subsequent compatibility of the alkoxy-PPVs and the substituted methanofullerenes. This favors the formation of homogenous blends and prevents aggregation or separation of the two components, thereby avoiding the formation of short circuits between the electrodes of the devices. Devices with different concentrations of polystyrene ͑PS͒ were fabricated and characterized by current-voltage (I -V) measurements under monochromatic light and by wavelength dependent photocurrent measurements. From these data power efficiencies were calculated and compared to the electron-photon conversion efficiencies.
II. EXPERIMENT
Photovoltaic devices were produced by spin casting from 1,2-dichlorobenzene ͑ODCB͒ solution under room temperature conditions. For the solar cells MDMO-PPV was used as the electron donor, while the electron acceptor was PCBM. 23 The chemical structure of the compounds is shown in Fig. 1 . The enhanced solubility of PCBM compared to C 60 allows a high fullerene-conjugated polymer ratio and strongly supports the formation of donor-acceptor bulk heterojunctions. High optical quality films with high weight ratios of PCBM: alkoxy PPV are possible. 16 For the PS blends we have used a Hostyren PS N 168 ͑Hoechst AG͒. Solutions for spincasting were prepared with such concentrations, that the percentage of the MDMO-PPV is approximately 0.2-0.5 wt%, depending on the concentration of the PS and PCBM. The weight concentrations of the PS in the devices were 0%, 11%, 20%, 33%, 50%, 66%, and 80%, while the weight ratio of the fullerene on the conjugated polymer was kept at 3:1 for all cells.
Cleaned indium-tin-oxide ͑ITO͒ substrates have been used as transparent conducting electrodes. 24 The typical film thickness of the spincast films was around 80-150 nm as determined from the optical density measured with a Hitachi absorption spectrometer. After a drying step the nontransparent aluminum top electrode was evaporated. Samples were mounted in a liquid nitrogen bath cryostat with the electrical contacts formed by mechanical pressed spring leaves. The vacuum during the measurement was better than 10 Ϫ5 Torr. The samples were illuminated on the ITO side through the quartz window of the cryostat by either a defocused Ar ϩ laser beam at 488 nm or for the spectrally resolved measurements by a Xe arc lamp with a Czerny-Turner single pass monochromator. The illumination intensity was kept constant at 1 mW/cm 2 at each wavelength in the range between 400 and 700 nm. For consistency the I -V characteristics of a PS free photodiode was recorded with the different illumination sources at equal light intensitities. Comparable values were found for both light sources, i.e., for the monochromatic xenon arc lamp light at 488 nm and 1 mW/cm 2 and for the defocused Ar ϩ laser at 488 nm and 1 mW/cm 2 . Light intensities were measured by a calibrated Si photodiode. I -V curves were recorded by a Keithley 2400 source meter, typically by averaging 200 measurements for one point. Photoinduced FTIR ͑PIA-FTIR͒ and light induced electron spin resonance ͑LESR͒ measurements were performed on a composite with equal weight ratios of PS-MEH-PPV-PCBM ͑1:1:1͒. Also C 60 was used instead of PCBM in some experiments. These samples were prepared from approximately 1 wt% solutions in xylene. Infrared spectra were recorded on a Bruker IFS 66S spectrometer with a liquid nitrogen cooled mercury-cadmium-telluride ͑MCT͒ detector. The samples for these experiments were prepared by drop casting from polymer solution on KBr pellets. After evaporation of the solvent in a nitrogen laminar flow box, the pellets were mounted on the cold finger of a liquid nitrogen bath cryostat with ZnSe windows. The vacuum during all measurements was better than 10 Ϫ5 Torr. The infrared absorption spectra of the photoinduced charges on the conjugated polymer were measured by accumulating ten single beam spectra under illumination of the polymer sample and referencing them to ten accumulated single beam spectra taken in the dark. The samples were illuminated through a quartz window of the cryostat by an Ar ϩ laser ͑488 nm, 20 mW/cm 2 ͒. For a better signal-to-noise ratio 200 repetitions of the measuring sequence described above were accumulated.
LESR measurements were performed on a Bruker EMX spectrometer with a 200 MHz broadband bridge and a rectangular high Q cavity. The samples were illuminated by an Ar ϩ laser ͑488 nm, 70 mW͒ through a 50% grid in the front of the cavity. Samples for LESR investigations were prepared in 3 mm Wilmad electron paramagnetic resonance ͑EPR͒ tubes from solutions with concentrations as described above. After pouring approximately 0.2 ml of polymer solution into the ESR tube the solvent was evaporated. After complete drying the inner side of the tubes was covered with the composite film. The tubes are evacuated down to 10 Ϫ5 Torr and sealed.
III. RESULTS AND DISCUSSION
As shown by the PIA-FTIR studies displayed in Fig.  2͑a͒ , at equal concentrations of the three components (PS/MEH-PPV/PCBMϭ1:1:1) the photoinduced electron transfer is clearly observed. Both, the photoinduced infrared activated vibrational bands [25] [26] [27] ͑IRAV bands͒ observed in the range between 700 and 1700 cm Ϫ1 and the in-the-gap absorption around 3000 cm Ϫ1 due to the photoinduced polarons evidence the transfer of electrons from the polymer to PCBM. Furthermore, LESR measurements ͓Fig. 2͑b͔͒ show the two characteristic microwave absorption peaks of a photoinduced charge transfer between a conjugated polymer and a fullerene: one peak with a g value around 2.0023 ͑ polaron ϩ on the polymer͒ and one peak with a g value Ͻ2(C 60 Ϫ ). The inset in Fig. 2͑b͒ shows the LESR spectrum of a composite with 14 wt % MEH-PPV and 14 wt % C 60 in PS. No fullerene anion LESR signal was detected at high fields (gϽ2). In these samples the photoinduced charge separation was either very weak or even absent. This result is surprising, because the strong luminescence quenching in these samples indicated a nonradiative relaxation path of the photoexcitation. Since the observation of a steady state LESR signal requires a long living charge separated state, it is safe to conclude that for dilute concentrations of the photoactive components in the PS matrix, either the photophysics of the electron transfer is hindered by large distances of the donor and acceptor couple and/or the long living charge separated state is not longer achieved.
The absorption spectrum of the photovoltaic devices, shown in Fig. 3 , is a linear superposition of the absorption spectrum of MDMO-PPV and PCBM ͑inset in Fig. 3͒ . The influence of the PS matrix is indirectly noticed by the decreasing total optical thickness of the devices. At very high PS concentrations ͑66% and 80%͒ the spectrum is determined by the scattering background due to the PS with no detectable color in the visible. The formation of charge transfer complexes, recently reported for polyvinylcarbazolefullerene blends, 28 was not observed between any of the components with PS. The PS concentration of the devices was varied between 0 and 80 wt % while the weight ratio of PCBM:MDMO-PPV was kept at 3:1. The I -V characteristics of an ITO/MDMO-PPV-PCBM/Al photovoltaic device is compared with ITO/ PS-MDMO-PPV-PCBM/Al devices in Fig. 4͑a͒ . The cells were illuminated through the ITO side with 10 mW/cm 2 at 488 nm. The dark current measurements are plotted in Fig.  4͑b͒ . At zero bias the PS free device showed a short circuit current I sc of up to 0.85 mA/cm 2 and an open circuit voltage V oc of 720 mV. Addition of PS did not alter the shape of the I -V curves but affected the absolute values. The short circuit currents I sc as well as the dark currents decreased with the addition of PS. The decrease of the dark current upon the increase of PS is ascribed to an ohmic contribution of PS to the total device resistance.
The observation of an unexpectedly high V oc of 720 mV for the PS free device cannot be explained. The open circuit voltage for metal-insulator-metal ͑MIM͒ diodes is generally accepted to arise from the work function difference of the two electrodes 29 which would yield a V oc of 0.4 V ͑Al 4.3 eV; ITO 4.7 eV͒ or lower for our devices. 30, 31 Consistent with the MIM diode picture, the V oc for single layer MEH-PPV devices sandwiched between ITO and Ca was found to follow the difference in the electrode work functions. 32, 33 Using an Al electrode instead of Ca, the V oc decreased slightly compared to devices with a Ca electrode but remained much higher than the difference of the work functions of Al and ITO. 32, 33 In donor-acceptor bilayer photocells V oc has a different physical origin. Studies on bilayer devices of ITO/MEH-PPV-C 60 /Au showed 34 that the MEH-PPV-C 60 interface yields under intense illumination an open circuit voltage around 0.53 V. This value of V oc seems to be indicative for the MEH-PPV-C 60 interface with nonrectifying metal contacts.
In two component charge transfer systems such as in the bulk-heterojunction solar cells presented here, deviations of V oc from the results of pristine single layer or bilayer devices are expected for two reasons: First, some part of the available difference in electrochemical energy is consumed internally by the charge transfer to a lower energetic position on the electron acceptor. Second, the relative position of the lowest unoccupied molecular orbital ͑LUMO͒ of the electron acceptor may be below the work function of the cathode.
Compared to pristine MEH-PPV photodiodes, the addition of C 60 lowers the average built in potential by 0.6 V, in accordance with the position of the C 60 Ϫ LUMO level relatively to the MEH-PPV polaron level. Therefore, an open circuit voltage as high as 0.72 V is not consistent with this picture. Variations of the ITO work function due to different production technologies as well as the unknown oxygen content in the different devices may contribute to these deviations in open circuit potential in different devices. It is well known that oxygen forms rectifying junctions in small organic molecule photovoltaic devices based on phtalocyanines. 35 The formation of space charge layers at the electrode/polymer interface 36 due to oxygen or other impuri- ties may lead to local potentials influencing the open circuit potential. Systematic studies of the open circuit potential in these devices prove to be difficult and will not be addressed here.
By comparing the I sc versus the PS concentration at various intensities ͓Fig. 5͑a͔͒ we see a sharp drop of the short circuit current for the cells with increasing PS concentration especially when both electroactive components are below their theoretical percolation threshold ͑80% PS͒. 37 The dependence of the short circuit current on the incident light intensity ͓Fig. 5͑b͔͒ follows a power law I sc ϳI ␣ with ␣ϳ0.5-0.7. Scaling exponents ␣ below 1 indicate either bimolecular recombination or saturation behavior. For the thin film photovoltaic devices investigated in this study both processes may be relevant. A detailed look ͓Fig. 5͑c͔͒ on selected devices reveals two different scaling regimes, one at low and one at high intensities. The PS free device scales linearly at low excitation intensities (␣ϳ0.98) while the exponent becomes lower (␣ϳ0.55) at intensities around ϳ10 mW/cm 2 . The slightly higher scaling exponents in PS blended devices at high intensities may be explained by enhanced intermolecular spacing between the conjugated polymer and the fullerene due to dilution. calculated from the spectrally resolved short circuit current values, 30 is plotted in Fig. 7 for the PS free device. In Eq. ͑4͒ I and denote the incident light intensity and the wavelength, respectively. The strong increase of the photocurrent at hϳ2 eV follows the absorption of the MDMO-PPV. From earlier studies on polymeric photovoltaic devices 38 it is known that two competing processes may determine the spectral response: the amount of absorbed light versus the location of the absorption region. As the film thickness grows, the photocurrent response is limited by absorption depth of the film, producing sharp maxima of the photocurrent at the onset of optical absorption and well pronounced minima of the photocurrent at the absorption maximum ͑fil-ter effect͒. In Fig. 7 it is clearly seen that the investigated devices were not absorption depth limited in their photocurrent response. The inset of Fig. 7 shows the spectrally resolved photocurrent in the PS free device under forward and reverse bias. The complete symmetry of the spectral photocurrent with respect to the different signs of the applied voltage implies, that transport of the charges ͑photoconductivity for both signs͒ occurs with comparable efficiency for both networks. However, it is not possible to conclude which of the two networks may become the limiting one for thicker cells. The PS free devices absorb typically less than 25% of the incident photons ͑measured in transmission geometry͒ at the MDMO-PPV maximum resulting in ϳ18% charge carriers per incident photon ͑IPCE͒. For three devices with 80%, 50%, and 0% PS content, the efficiency c as a function of the excitation wavelength is shown in Fig. 8͑a͒ . For the same devices, the dependence of c as well as e on the excitation intensity at a wavelength of 488 nm is shown in Fig. 8͑b͒ . At high excitation intensities the ratio of c / e is approximately 12. At lower excitation intensities this ratio increases due to the decrease of V oc . The decrease of e and c with increasing PS concentration is consistent with the data shown in Fig. 5 .
IV. CONCLUSION
For large scale production of plastic solar cells, the rheological properties as well as the environmental stability will become relevant. For this purpose the behavior of highly efficient conjugated polymer/methanofullerene cells blended into a conventional polymer matrix were studied. Introducing small amounts of PS ͑10 wt %͒ did not change the efficiency of the cells significantly. Further increasing of the PS concentration resulted in a strong decrease of the I sc . The percolation threshold for the interpenetrating network of the conjugated polymer/methanofullerene mixture in the host matrix determined the onset of a strongly enhanced photo- voltaic response. The intensity dependence of the spectrally resolved photocurrent and of the short circuit current indicated that at higher light intensities enhanced annihilation of mobile charge carriers occurs. A proper choice of the host material may favorably tune the donor-acceptor network properties.
